Abstract: Three 304L austenitic stainless steel feedwater heater (FWH) tubes used in pressurized water reactors (PWRs) were investigated in this study. By comparing metallurgical differences, such as microstructural features, micro-hardness, and circumferential residual stress of the failed and non-failed FWH tubes by stress corrosion cracking (SCC), factors which could affect SCC susceptibility were assessed. Considering the impurity controlled and hydrogenated water chemistry, it is likely the mechanism of sudden SCC failures under PWR operation would be associated with material aspects rather than water chemistry. In tubes which experienced a large number of SCC failures, significant tensile circumferential residual stresses were measured. Such residual stress could be generated by work hardening during straightening of the rolling process, which directly applies stress on the surface of the tubes. The non-failed tube showed very low residual stress, by using straightening or stretching process. The rolling process induces a large amount of dislocations and an increasing tendency in micro-hardness values toward the outer region. Although the hardness values satisfied the material limitation requirement, the presence of large residual stress is thought to increase the SCC susceptibility of FWH tubes. Thus, this study indicates that straightening by stretching process has benefits in terms of low residual stress, assuring the long-term integrity of FWH tubes against SCC failure. Meanwhile, when the rolling process is used, additional heat treatment could be a practical method to reduce residual stress in FHW tubes.
INTRODUCTION
Shell and tube type feedwater heaters (FWHs), which are composed of hundreds of thousands of thin-wall tubes, are one of the important components in the regenerative cycle of the power generation process in nuclear power plants. As secondary coolant passes through several stages of FWHs (tube side), its temperature is raised by high temperature steam that has been extracted from the high and low pressure turbines (shell side). This heat transfer process increases system efficiency and minimizes thermal stress in the steam generator [1, 2] .
Butt-welded (automatic welding without the use of any filler metal) 304L austenitic stainless steel is widely used as the material for FWH tubes because of its high allowable stress, fracture toughness, and corrosion resistance. Despite those advantages, intergranular, transgranular, or mixed mode cracks have been initiated and propagate in the FWH tubes due to stress corrosion cracking (SCC), erosion or vibration [2, 3] . SCC, which is considered one of the major causes of More specifically, in pressurized water reactors (PWRs), the SCC susceptibility of austenitic stainless steels is known to be primarily influenced by water chemistry, including high dissolved oxygen (DO) and the ppm order of particular impurities (Cl and S) [3] [4] [5] [6] [7] . For example, Xie et. al [8] has reported the effect of Cl on the SCC susceptibility of stainless steel. Despite its superior SCC resistance in PWR conditions, the addition of 30 ppm Cl increased its SCC susceptibility. It was also observed that the presence of 2 ppm Cl could result in SCC failure regardless of S content [9] . Ruther et. al [10, 11] suggested a specific water chemistry of DO (0.2 ppm) and S (0.1 ppm) to prevent the SCC of stainless steels.
Water chemistry affects the formation and destruction of oxide film along cracks and at their tips by changing electrochemical parameters, such as the Cr/Fe ratio in the oxide film, etc. In addition, material aspects like sensitization, cold work (or heavy deformation) and associated residual stress can also increase SCC susceptibility [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In recent years, the authors have observed SCC failures of high pressure FWH tubes (200−240°C of inlet/outlet temperature) under PWR operation even after short-term operation, after re-tubing or replacement. Cracks were detected by nondestructive examination and finally confirmed by microstructure analysis. The cracks initiated at the outer surface of the base metal (opposite the welded region) and propagated through the thickness in a transgranular cracking mode. Considering that impurities ( less than 10 ppb Cl and S) and hydrogenated water chemistry (less than 5 ppb DO) of the secondary coolant were controlled, the mechanism of this sudden failure is more likely to be associated with material aspects rather than water chemistry.
Therefore, in this study, the differences in the microstructural features (grain, dislocation, and phase), micro-hardness and circumferential residual stress of failed and non-failed SCC FWH tubes were assessed and compared to identify the factors affecting failure events during PWR operation. Finally, the results are discussed in relation to technical specifications to improve the material requirement of FWH tubes for nuclear power plant application.
MATERIALS AND METHODS

Materials
In this study, three 304L austenitic stainless steel tubes In this study, the effect of sensitization, which is one of the major material factors affecting SCC, was not considered, since all as-received samples exhibited a non-sensitized condition after testing in accordance with ASTM A262
practice A (not shown in this paper). (1) to (4) [20, 21] .
Microstructural analysis
,
where is (Residual moment), E (modulus of elasticity), a
(inner radius of tube), b (outer radius of tube),r (radius of ring thickness), and δ (change in width after splitting). Table 2 . As shown in the figure, the grains are uniformly distributed with an average grain size of ~30 μm in the as-received sample A (Fig. 2a) and are ~60 μm in the as-received sample B (Fig. 2b) . Meanwhile, the grain distribution of as-received sample C was nonhomogeneous along the radial direction. The grain sizes of the outer and middle areas were ~20−30 μm (Fig. 2c ) but the inner area had much larger grains (over 100 μm, Fig. 2d ).
RESULTS AND DISCUSSION
Comparative microstructure evaluation of FWH tubes
Despite these differences among the tubes, they were all acceptable as FWH tube material since there is no restriction in the specification. After heat treatment at 1080 o C for 0.5 h, the grain sizes of all the tubes increased, as shown in Fig. 3 .
For the heat-treated samples A and B, the grain sizes were measured to be ~40 μm (Fig. 3a) and ~70 μm (Fig. 3b), respectively. For heat-treated sample C, the grain sizes were greater than 200 μm (Fig. 3 c and d) (Fig. 4) , the grains were randomly distributed (left figures) with a Even after additional heat treatment was carried out, the twin boundaries and BCC phase still existed, as shown in Fig. 5 .
Regarding the presence of the BCC phase with a lattice parameter of 0.286 nm, there are two possible ways that it can be formed in austenitic stainless steels [22] . First, α'-martensite could be formed by solid-state phase transformation during heavy plastic deformation, cold working, or surface grinding, which is often called deformation induced martensite (DIM) or strain induced martensite (SIM) [23] [24] [25] .
304 stainless steel in particular is more likely to contain α'-martensite compared to 316 stainless steel because of its relatively low stacking fault energy. Meanwhile, the α'-martensite is transformed to γ-matrix when it is exposed to temperatures of 750 o C and above, even for a very short exposure period (few min) [26, 27] . Thus, the BCC phase observed in this study cannot be identified as α'-martensite, since the phase did not disappear after longer exposure to higher temperature.
On the other hand, δ-ferrite is often present in not only weld materials but also base metal as a stringer type. For those reasons, the BCC phase observed in the EBSD analysis could be identified as a δ-ferrite formed by the solidification process of the base material, but not by tube fabrication and/ or straightening processes. In order to clarify the overall content of the BCC phase observed in EBSD, XRD analysis was carried out. Fig. 6 shows the results of the XRD analysis of the tubes indicating the γ-matrix was observed in all test conditions. Therefore, it can be said that a very small amount of the BCC phase was locally distributed in the as-received and heat-treated samples B and C, while it was rarely present It is known that α'-martensite induces an intense local strain field in the surrounding area since the phase change is generally accompanied by volume expansion. Also considering its hard and brittle nature, this could easily lead to SCC initiation and propagation [15, 16] . On the other hand, the effect of δ-ferrite on SCC susceptibility remains controversial. For instance, austenitic stainless steel weld and duplex stainless steels are known to have high SCC resistance due to the high Cr content of δ-ferrite, which can form a protective oxide film [17] . Meanwhile, when it is continuously present, cracks can propagate easily at the δ-ferrite/γ-matrix interface. Rao et al. [18] also observed that higher δ-ferrite content resulted in increased SCC susceptibility. At this stage, the effect of the very small and partial presence of δ-ferrite in samples B and C on SCC has not been clearly determined, although it might seem to be negligible.
Assessment of circumferential residual stress by split-ring test
After the split-ring tests, the splitting distance of the outer surface of the as-received and heat-treated tubes were compared, as shown in Table 3 . The splitting distances of the as-received and heat-treated sample As were almost the same, ~310 μm. Meanwhile, for the as-received samples B and C, they were around ~610 μm and ~600 μm, which decreased to ~340 μm and ~330 μm after heat treatment, respectively. Considering that the 250 μm diameter cutting wire generally removes ~300 μm from the adjacent region, the changes in splitting distance caused by residual stress in samples A, B, and C were ~10 μm, ~310 μm, ~300 μm for the as-received condition and ~10 μm, ~40 μm, ~30 μm for the heat-treated condition, respectively. By applying the Fig. 7 . Circumferential residual stress of as-received and heattreated FWH tubes after split-ring test (in MPa).
이호중 · 오승진 · 김홍덕 57 quantitative method described in Section 2.3, the splitting distance of the tubes with respect to residual stress value in MPa was calculated, as shown in Fig. 7 and Table 3 . For sample A, the circumferential residual stress in both the asreceived and heat-treated conditions was very low, 15 MPa.
On the other hand, the as-received samples B and C showed tensile circumferential residual stresses of about 340 and 350
MPa, which were at least 20 times larger than that of sample A. However, these decreased to 45 and 35 MPa after heat treatment, indicating the relaxation of residual stress.
Meanwhile, the X-ray method was also used to validate the ring-split test (not shown in this paper) which indicated that the residual stress of all the heat-treated tubes decreased to almost zero, similar to the results of the ring-split test. It has previously been reported that there is a strong correlation between residual stress and SCC susceptibility [12] [13] [14] [15] [16] 19] . Lu et al. [19] reported that compressive residual stress and grain refinement effectively decreased SCC susceptibility compared to a specimen with tensile residual stress applied. It was reported that larger residual stress resulted in higher crack initiation rate and crack density [12] .
In addition, Ghosh et al. [14] found that SCC crack propagation was dependent on the direction of the residual stress resulting from the straightening process. Stretching and rolling straightening caused longitudinal and circumferential residual stress, respectively, resulting in transgranular crack propagation perpendicular to the direction of residual stress.
Those studies indicate that not only the presence of tensile residual stress increases SCC susceptibility but also its effect on the degree and direction of the cracking phenomena. (Fig. 9b) , the hardness values of all tubes decreased and the increasing tendency in samples B and C disappeared.
Micro-hardness distribution along the thickness direction
In general, the hardness value can be influenced by grain size, residual stress, precipitates, etc. Among these factors, the increasing tendency in micro-hardness in the as-received samples B and C could be explained by presence of a large residual stress along the radial direction, since such tendency disappeared after additional heat treatment.
Meanwhile, for heat-treated sample C, the significant In this regard, water chemistry should be maintained below the operating guideline to ensure the long-term integrity of stainless steel tubes from SCC failure. Moreover, this study indicates that straightening by stretching is beneficial in terms of low residual stress, as compared to use of a rolling process. Meanwhile, when the rolling process is used, additional heat treatment could be a practical method to reduce the residual stress in FWH tubes.
CONCLUSIONS
In this study, three 304L austenitic stainless steel FWH tubes from different manufacturers were investigated. By comparing microstructural features, micro-hardness, and residual stress of tubes that failed (samples B and C) and did not fail (sample A) by SCC under actual PWR operation, the following conclusions were drawn: 1) For the tubes which experienced a large number of SCC failures, significant tensile circumferential residual stresses were observed in addition to a large amount of dislocation, and an increasing tendency in micro-hardness values toward the outer regions. The presence of large residual stress is thought to increase SCC susceptibility.
2) Such residual stress could be generated by work hardening that occurred during straightening by rolling process, since that method directly applies stress to the surface of the material. In contrast, the stretching process resulted in low residual stress. Meanwhile, when additional heat treatment was carried out, the hardness values were significantly reduced.
3) This indicates that straightening by stretching process is beneficial to increasing the SCC resistance of FWH tubes in terms of low residual stress. On the other hand, when the rolling process is used, additional heat treatment could be a practical method to reduce residual stress in FWH tubes.
